Here we seek to test the extent to which laboratory enrichments mimic natural community processes 18 and the degree to which the initial structure of a community determines its response to a press 19 disturbance via the addition of environmentally-relevant carbon compounds. By utilizing aerobic 20 substrate arrays to examine the effect of carbon amendment on microbial communities taken from six 21 distinct environments (soil from a temperate prairie and forest, tropical forest soil, subalpine forest 22 soil, and surface water and soil from a palustrine emergent wetland), we examined how carbon 23 amendment and inoculum source shape the composition of the community in each enrichment. Dilute 24 subsamples from each environment were used to inoculate 96-well microtiter plates containing 25 triplicate wells amended with one of 31 carbon sources from 6 different classes of organic compound 26 (phenols, polymers, carbohydrates, carboxylic acids, amines, amino acids). After incubating each 27 well aerobically in the dark for 72 hours, we analyzed the composition of the microbial communities 28 on the substrate arrays as well as the initial inocula by sequencing 16S rRNA gene amplicons using 29
the Illumina MiSeq platform. Comparisons of alpha and beta diversity in these systems showed that, 30
while the composition of the communities that grow to inhabit the wells in each substrate array 31 diverges sharply from that of the original community in the inoculum, these enrichment communities 32
are still is strongly affected by the inoculum source. We found most enrichments were dominated by 33 one or several OTUs most closely related to aerobes or facultative anaerobes from the Proteobacteria 34 (e.g. Pseudomonas, Burkholderia, and Ralstonia) or Bacteroidetes (e.g. Chryseobacterium). 35 Comparisons within each substrate array based on the class of carbon source further show that the 36 communities inhabiting wells amended with a carbohydrate differ significantly from those enriched 37 with a phenolic compound. Niche selection therefore seems to play a strong role in shaping the 38 communities in the substrate arrays, although some stochasticity is seen whereby several replicate 39 wells within a single substrate array display strongly divergent community compositions. Overall, the 40 use of highly parallel substrate arrays offers a promising path forward to study the response of 41 microbial communities to a changing environment. 42 1 Introduction 43
From the soil under our feet to the deepest sedimentary basins, microbial life inhabits nearly 44 every environment on Earth (Whitman et al., 1998) . The abundance and activity of the individual 45 populations that comprise these communities change dynamically in response to changes in their 46 local environment (Nemergut et al., 2013) . The composition of microbial communities has been 47 linked to specific parameters like water chemistry in environments such as lakes (Youngblut et al., 48 2014), streams (Zeglin, 2015) , As the number of taxonomic groups within a particular soil often exceeds several thousand 57 distinct clades, there is considerable interest in using simplified microbial communities to test 58 hypotheses related to soil ecology. By "minimizing" a native microbial community from soil or 59 elsewhere through enrichment in the laboratory, noise from the myriad co-existing metabolic 60 networks and structural heterogeneities present in the parent environment can be pared down to focus 61 on a particular process of interest, allowing the power of modern omics technology to be brought to 62 bear on specific questions in microbial ecology (Prosser, 2015) . This microcosm approach is 63 frequently used to examine a subset of a native community such as sulfate reducers ( offer an opportunity to study in parallel the response of a single inoculum to the addition of a wide 80 array of nutrients. 81
In this study, we employed these substrate arrays as mini-bioreactors to monitor the response 82 of microbial communities from six distinct environments to enrichment on 31 individual carbon 83 compounds. We used as inocula soil from a wetland, a grassland, and three types of forest 84 (temperate, subalpine, and tropical) as well as surface water from the wetland. We sought to test A) 85 the extent to which communities enriched in these substrate arrays are representative of the initial 86 community as a whole, B) the degree to which the initial structure of a community determines its 87 response to a press disturbance (increase in nutrient levels) for different classes of environmentally- (Table  98 1). While an exact formulation of the media is not publicly available, the manufacturer's 99 documentation states that medium components are present at concentration of 2-20 mM for the 100 carbon source, 1-5 mM for N, 0.1-1 mM for P, 0.1-1 mM for S, and < 2 µM of a vitamin solution. 101
Soil from a temperate climate was collected from a restored prairie grassland (FLP) and an 102 adjacent forest (FLF) on site at the Fermi National Accelerator Laboratory (Fermilab) in Batavia, 103
Illinois, USA. Surface water (AWW) and soil (AWS) was obtained from a palustrine emergent 104 wetland populated by Typha and Phragmites spp. on site at Argonne National Laboratory in Lemont, 105 Illinois, USA. Tropical forest soil (CRP14) was obtained from a Caribbean lowland rainforest within 106 the EARTH University Forest Reserve in Costa Rica (Alvarez-Clare et al., 2013). Subalpine forest 107 soil (SodaSpr) was taken from a pine forest near Soda Springs, California, USA, at an elevation of 108 2,063 meters. All soil samples were taken by removing the top 5 cm of soil after clearing off any 109 surface litter. Aquatic samples were taken at the water's surface using a sterile container. Samples 110 were processed within 72 hours of collection to minimize storage effects. 111
A conceptual diagram of our experimental design is shown in Figure 1 . Solid suspensions 112 used to inoculate the bioreactors were prepared by adding 1 gram of soil to 5 mL of sterile, DNA-free 113 ultrapure water (HyClone HyPure molecular grade, Thermo Scientific). Suspensions were then 114 homogenized using an ultrasonic dismembrator at low intensity for 30 seconds, breaking up any 115 aggregates and removing bacteria from organic and mineral particles. The slurry was then diluted 116 1:100 (v/v) by adding additional sterile water and dispensed into a substrate array (150 µL per well). 117
When using an aqueous medium as an inoculum in the case of the wetland surface water, the 118 inoculum was amended directly to the array without dilution. After 72 hours of incubation, 100 µL 119 aliquots were taken from each well and used for microbial community analysis by sequencing 16S 120 rRNA gene amplicons. 121 with diluted material from one of six different environments: prairie grassland soil (FLP), temperate 148 forest soil (FLF), freshwater wetland surface water (AWW) and soil (AWS), tropical forest soil 149 (CRP14), or subalpine forest soil (SodaSpr). These substrate arrays were incubated at 30 ºC for 72 150 hours, after which time DNA was extracted from the cells present in each of the wells and 16S rRNA 151 genes were sequenced using an Illumina MiSeq. 152
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We observed that, following this incubation, the structures of the microbial communities in 153 the wells of each substrate array deviated sharply from the initial composition of the inoculum. As 154 shown in Figure 2 , the average alpha diversity as measured by the Shannon index decreased sharply 155
in the enrichments of all six substrate arrays, falling substantially below the average diversity of the 156 inocula. Nonmetric multidimensional scaling (NMDS) analysis found large differences in the 157 composition of these communities compared to the inoculum based on the weighted UniFrac distance 158 ( Figure S1 ). While the microbial communities in each well of the substrate array diverged from the 159 parent material, they differed substantially from one another as well ( Figure 3 ). The degree of 160 differences between substrate arrays largely recapitulate the observed differences between inocula 161 ( Figure S2 Burkholderia, and Agrobacterium are considerably enriched in many if not most of the wells within 192 individual substrate arrays, but are largely or entirely absent in others ( Figure 5 ). 193
This pattern is also true for less broadly abundant taxa like Comamonas and the 194 fa. Xanthomonadaceae. The distribution of all OTUs enriched or depleted (based on the edgeR 195 metric) in the substrate arrays compared to the inocula is shown in Figure 6 . Overall, these data 196 confirm the observational data shown in Figure 5 , that the OTUs most abundant in the enrichments 197 are largely members of the Proteobacteria (Pseudomonas, Ralstonia, Agrobacterium) and the 198
Bacteroidetes (Chryseobacterium, Flavobacterium, Sphingobacterium, Pedobacter, and 199
Wautersiella). OTUs classified as other phyla (e.g., Actinobacteria, Verrucomicrobia, and 200
Acidobacteria) are considerably less abundant in the enrichments than they are in the original 201 environments. The distribution of specific OTUs also varies within taxonomic groups. As seen in 202 Figure 7, The distinct communities of microorganisms that grow to dominate each enrichment within 233 the substrate arrays bear the strong influence of the initial composition of the soil or water used as 234 inoculum. As can be seen from the NMDS plot in Figure 3 , the source of inoculum is by far the 235 strongest signal in differentiating the microbial communities in these substrate arrays. The statistical 236 7 significance of this result is confirmed by ANOSIM based on weighted UniFrac 1 , where the resulting 237
R-values recapitulate the trends observed in the NMDS plot ( Figure 4 ). Furthermore, these results 238
show that, for the most part, the communities in the substrate arrays from the most divergent inocula 239
[tropical (CRP14) and subalpine (SodaSpr) forest soil] remain divergent from those sourced from 240 temperate soil inocula (AWS, FLP, FLF), which beta diversity comparisons indicate are more similar 241
to each other ( Figure S2 ). The exception is the wetland surface water (AWW), which Figure S2  242 shows has the most divergent community composition of the six inocula prior to enrichment. 243
Following the 72-hour incubation, however, the communities that arise in the substrate arrays 244 inoculated with AWW material appear much more similar to the arrays inoculated with temperate 245 soil than to those inoculated with soil from CRP14 or SodaSpr (Figure 3 ). This suggests that the 246 generalists like Pseudomonas, fa. Enterobacteriaceae, and Agrobacterium that grow to dominate the 247 substrate arrays share a similar baseline activity across all the temperate environments and are 248 therefore able to be enriched to a similar degree in the arrays. Still, the smaller but still significant 249
R ANOSIM values between some of the terrestrial enrichments (e.g., AWW and AWS) indicate the 250 existence of smaller but significant differences between these environments. 251
Despite the strong influence of the initial inoculum, the overall structure of the microbial 252
communities that grow to inhabit these substrate arrays bears little resemblance to that of the parent 253 material, as measured by both alpha (Figure 2 ) and beta diversity ( Figure S1 ). By and large, the 254 enrichments in each substrate array are primarily dominated by one or several OTUs most closely 255 related to aerobic, heterotrophic generalists like Pseudomonas, Burkholderia, Ralstonia, fa. 256
Enterobacteriaceae, and others ( Figure 5, Figure 6 ). Pseudomonas in particular dominated five of the 257 six substrate arrays, although it was nearly absent from enrichments in the array inoculated with soil 258 from site CRP14. Pseudomonas and its relatives are well-known as metabolic generalists and are 259 frequently found in aerobic soil environments. Indeed, in their pre-phylogenetic taxonomic 260 classification, "pseudomonads" were defined largely by "their most striking and ecologically 261 significant group character… namely, the ability to use a wide variety of organic compounds as 262 carbon and energy sources for aerobic growth" (Stanier et al., 1966) . as a member of the Gammaproteobacteria. The abundance of these two genera in the CRP14-277 amended substrate array suggests an optimization of the community from the tropical forest system 278 to the set of niches found in the source environment to the exclusion of Pseudomonas. There is likely 279 some consistent factor associated with those niches, however, so that a "distinct generalist" is 280 enriched consistently over time in one environment but not another. 281
When comparing the substrate array enrichments by the chemical class of substrate (amines,  282 amino acids, carbohydrates, polymers, or phenolic compounds) rather than source environment, we 283
found that significant differences in community composition exist primarily between those wells 284
given a carbohydrate as a carbon source and those enriched with a phenolic compound (Figure 8 ). 285
These differences were observed across three of the six environmental inocula: AWW, FLF, and 286
SodaSpr, while none of the other pairwise comparisons between carbon source class showed a 287 significant difference in more than one substrate array. Taken together, these results suggest that the 288 co-occurrence of minimal community members within these three environments and grown on 289 carbohydrates or phenolics are likely non-random associations. Like the most abundant taxa across 290 the substrate arrays, most of the differentially-abundant OTUs (Figure 8) In the minimized communities that inhabit our substrate arrays, we see evidence of both niche 322 and neutral processes shaping the overall community composition. Niche selection clearly determines 323 the overall trajectory of the response of the initial inoculum to changes in environmental conditions, 324 as the organisms that grow to dominate the wells of the substrate arrays are aerobic heterotrophs, 325 matching the oxic and carbon-rich conditions found in the wells. Further niche selection appears 326 evident in the distinction between carbohydrate-and phenolic-amended enrichments, as specific 327 populations closely related to isolates known for degrading aromatic compounds become 328 significantly more abundant in the presence of phenolic compounds (Figure 8) . Still, despite the fact 329 that the source of inoculum is a significant determinant of the overall community structure (Figure 3) , 330 probabilistic events still appear to control some of the finer aspects of the composition of the 331 substrate array communities. For example, the extent to which triplicate wells on the same substrate 332 array ended up with the same community composition varied depending on both the substrate and the 333 population. For example, when populations classified as Burkholderia became abundant in wells 334 inoculated with soil from the SodaSpr site, the abundance was observed uniformly across all three 335 replicates ( Figure 6 ). Conversely for some of carbon sources in wells amended with AWS soil, two 336 of the three triplicates will contain >90% Pseudomonas while the third well will be similarly 337 dominated by sequences classified as fa. Enterobacteriaceae or Agrobacterium (Figure 6 ). Because 338 the inocula were rigorously diluted, dispersed, and homogenized prior to being added to the substrate 339
arrays, it appears unlikely that this is an artifact of sample preparation. Instead, stochasticity and 340 imperceptible differences in the initial inoculum likely play at least some role in determining the 341 overall trajectory of change in community composition. This has been seen elsewhere, as in Kwon et 342 al.'s (2016) observation of two distinct mineralogical and microbiological trajectories in replicate 343 microcosms amended with glucose and ferric iron. 344
The parallelized enrichment strategy we employ here provides an initial framework to capture 345 some of the underlying and potentially novel interactions between microbial community members 346 found in soil and water in a high-throughput manner. This work also has the potential to inform the 347 intentional design of microbial communities (synthetic ecology). Current work in our laboratory is 348 focused on testing the stability of these "minimal communities" in continuous culture systems with 349 the hope of creating hybrid synthetic communities that are sourced directly from specific 350 environments but streamlined in the laboratory. The isolation of a consistently reoccurring generalist 351
provides an anchor within the community for genetic engineering. A variety of genetic tools are 352 available for Pseudomonas and other taxa seen here, providing a potential platform for customization 353 of minimal communities for industrial and biomedical applications. Moving forward, as desire 354 increases to engineer microbial communities either by strain selection or outright genetic 355 manipulation, the use of highly parallelized microbial enrichments promises to provide novel insights 356 that will allow us to predict with greater accuracy the interactions that contribute to emergent 357
properties of microbial communities, such as community stability. 358 5
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